Fused biconical tapering (FBT) is an important method of manufacturing polarization-maintaining fiber (PMF) couplers. However, the tension on the ends of the fibers can affect the performance of the coupler. In this paper, a computer-based method of controlling the drawing force was presented. The system includes a drawing mechanism, rotary position encoders, and a control circuit. A threedimensional model of a permanent magnet and a coil is constructed, and the relationship among the coil current, rotation angle of the clamp, and electromagnetic force is determined using finite element simulations. Electromagnetic force control based on these simulations can be realized. The method is verified experimentally, and it is shown that a drawing force of 0-1.8 gf can be achieved with an error of within 3.04%. This result can be used in the FBT-based manufacture of fiber components such as fiber couplers and gratings.
Introduction
Polarization-maintaining fiber (PMF) couplers are important passive components for achieving polarization light coupling, splitting, and multiplexing. They are widely used in fiber optic sensing and coherent communications [1, 2] . PMF couplers are typically fabricated using fiber biconical tapering (FBT) method, which involves fixing two optical fibers at a certain tension, heating the fibers to molten status, and drawing the fibers to form a biconical or dumbbell shape [3, 4] . Although the FBT method yields less extinction ratio of couplers than the polishing method, it has better thermal stability and smaller excess and insertion losses. FBT is controlled by three process parameters, the drawing speed, heating temperature, and drawing force, and the tension force on the fibers directly affects the performance of the PMF coupler. The translation stage in conventional FBT machines [5] [6] [7] [8] consists of translation stage parts as well as heating and fiber clamping parts, and the translation stage parts are controlled with a computer to realize a precise drawing speed, but there is little control over the drawing force. Identically spring-loaded fiber pulling stages were introduced to impart a uniform tension to a pair of fibers, and this alleviated problems associated with sudden changes in the tension force [9] . However, the elongation of the spring changes the tension force on the fibers, which does not allow the tension force control during the drawing process. Our experiments have shown that crystallization of the fiber surface may occur when the drawing force is large, which will increase the excess loss. FBT is also an important method of manufacturing long-period fiber gratings, and the periodic decrease in the fiber cross section depends on the drawing force on the fiber. The drawing tension was usually controlled by clamping one end of the fiber to a translation stage and attaching a mass to the other end of the fiber to keep it under a constant axial tension [10, 11] . When the fiber is being drawn, however, the translation stage does not move at a constant velocity, so the tension in the optical fiber varies. It is difficult to adjust the tension in the fiber during the drawing process.
We propose here a computer-based method of controlling the drawing mechanism and drawing force during FBT. In the method, the drawing force is generated through the control of the coil current by detecting the rotation of the fiber clamp, which thus achieves semiclosed loop control. The drawing mechanism and control principle are introduced in Section 2. The force exerted on the permanent magnet by an electromagnetic coil is simulated using a three-dimensional (3D) finite element method in Section 3. Based on the analysis, a mathematical equation for the coil current, rotation angle of the fiber clamp, and electromagnetic force is established, and this equation is used to control the electromagnetic force. The drawing mechanism is analyzed and a simplified force model is presented in Section 4. In Section 5, we present the device used to detect the tension and an experimentally derived expression of the relationship among the coil current, rotation clamp angle, and drawing force. Control of the drawing force is also demonstrated in Section 5.
Setup and Control Method
The PMF fused taper drawing control system, shown in Figure 1 , links the drawing mechanism, electromagnetic coil, rotary position encoders, digital-to-analog (DA) card, and motion control card to a personal computer (PC). The drawing mechanism ( Figure 2 ) consists of a connect piece, drum wheel, fiber clamp, mass, permanent magnet, coil, and rotary position encoders.
The PC controls the current through the coil via the DA card to produce a certain magnetic field that interacts with the permanent magnet and generates the desired electromagnetic force. This causes the drawing force on the fiber clamp. As the two drum wheels are connected by two pieces, they rotate with the same rotation angle. The glass-disk rotary position encoders are linked to the drum wheel so that the rotary position encoders can detect the rotation angle. The drawing length of the clamped fibers is thus determined from the rotation angle. During the drawing, the distance between the permanent magnet and the coil changes so that the drawing force on the fiber clamp varies. The force can also be varied by changing the coil current in regard to the wheel rotation angle.
Analysis and Calculation of Electromagnetic Force

Theoretical Analysis.
A cylindrical permanent magnet is used in the drawing mechanism. For a cylindrical permanent magnet that is magnetized along the -direction with height 0 and radius , the magnetic field distribution at a point ( , , ) [12, 13] 
where ( ) and ( ) are complete elliptic integrals of the first and second kind, respectively;
The electromagnetic force can be calculated using the Lorentz force method, Maxwell stress tensor method, or the virtual work method [14] . As the Lorentz force method is suitable for calculating the force of a carrier fluid in a magnetic field, it was chosen in this study. The electromagnetic force applied to the permanent magnet and the electromagnetic force applied to the current coil are action and reaction forces; that is,
where is the electromagnetic force per unit volume of the coil, is the current density in the coil, is the magnetic induction of the coil, is the current in the coil of turns, and is the cross-sectional area of the coil wires.
Finite Element Analysis.
The movement of the clamp is moving so that an accurate two-dimensional (2D) simulation cannot be performed when the cylindrical permanent magnet enters the coil. Thus, a 3D simulation model was created. The center of the drum wheel rotation defines the origin, with the -and -axes lying parallel to the length of the coil and fiber clamp, respectively. An insulating nylon frame was used for the coil, which is 24 mm long with inner and outer diameters of 20 and 40 mm, respectively, and consists of 1676 turns. Nd 2 Fe 14 B was chosen as the material for the permanent magnet as it has a high energy product, coercive force, and energy density [15] . The surface magnetic induction of the permanent magnet was 389 mT, as measured by a Gauss meter (GV-300). During the movement of the fiber clamp, the center of the permanent magnet and the angle vary with respect to the horizontal plane. Figure 3 shows a 2D view of the model structure in the = 0 plane. Assuming that the center of the permanent magnet is at point with coordinates of ( , ), then the coordinates of point when the fiber clamp is rotated by an angle are
where 1 and 2 are the length of the -and -lines, respectively. We created a cube of air with a side length of 130 mm to simulate the magnetic field distribution. This cube has insulating boundary conditions; that is, n×A = 0, where n is the vector normal to the surface and A is the magnetic vector potential [16, 17] . Free tetrahedral elements are adopted in the finite element simulation. Finer meshes are used for the coil and permanent magnet to improve the accuracy and calculation speed, and fine meshes are used for the cube of air. A total of 44743 finite division elements were used. The electromagnetic force is obtained from the calculation of the Lorentz force.
Simulation Results.
The magnetic flux norm distribution in the = 35 mm plane, which is between the permanent magnet and the coil and 1 mm away from the coil, for a current of 0.1 A passing through the coil is shown in Figure 4 . Figure 5 shows the distribution along the line -through the center of the coil. These results show that the magnetic flux norm is related to the distance from the coil center. Inside the inner coil radius, the magnetic flux norm decreases toward the center to a minimum of 3.41 mT. This value agrees well with the analytical value of 3.46 mT given in the literature [18] . The difference between the maximum and minimum magnetic flux norm value is 0.2 mT, which indicates that the rate of change is low. Outside the inner coil radius, the magnetic flux norm decreases rapidly with increasing distance from the maximum at the inner diameter of the coil. The magnetic flux distribution in the = 0 plane which is shown in Figures 6 and 7 shows the distribution along the longitudinal axis of the coil (line -). The magnetic flux norm is symmetric about the longitudinal axis of the coil and achieves a maximum value at the center of the coil. Near the coil, the change in the magnetic flux norm is approximately linear. 
The number of coil turns, however, is fixed to = 1676 for the simulations. Figure 9 shows the relationship between the electromagnetic force and coil current for = 0 ∘ and = 1676, which also reveals linear behavior of = 38.4558 .
Changing the rotation angle of the clamp will change the position of the permanent magnet and hence the electromagnetic force. Figure 10 shows the relationship between the rotation angle and the electromagnetic force for a constant coil current. Again, we see a linear relationship, but the gradient, which is defined as the rate of change of the electromagnetic force, depends on the current. The gradient can be expressed as
where Δ is the change of the electromagnetic force of the permanent magnet (in units of gram-force) and Δ is the change of the rotation angle of the clamp (in units of degrees). The rate of change of the electromagnetic force is shown as a function of the current in Figure 11 . A linear fit gives
Changing will also change the relationship between the electromagnetic force and the current. For a constant angle, the electromagnetic force coefficient, , can be defined as
where Δ is the change of the coil current (in units of amperes). Figure 12 shows as a function of the rotating angle (0 ∘ to 4.8 ∘ ), and a linear fit yields
We thus obtain a mathematical expression for the relationship among , , and :
The electromagnetic force can be controlled by adjusting the coil current on the basis of (11). Figure 13 shows that a relatively constant electromagnetic force can be achieved for fiber clamp rotating angles from 0 ∘ to 4.8 ∘ once the coil current control is implemented. Table 1 lists the simulation error of the electromagnetic force, and it indicates that the force can be controlled accurately with an error of about 1%. 
Drawing Force Analysis
The drawing mechanism contains two spring pieces that are used to connect the two drum wheels and maintain equal clamp rotation angles. The bending elastic force of the two pieces can be neglected as it is considerably smaller than the drawing force. As the drawing force and the rotation angles of the clamps are equal, the following analysis can be performed for a single clamp (in this case, the clamp on the right). Figures 14 and 15 outline the force and torque components for the analysis of the two clamps. For a rotation angle of 0 ∘ -5 ∘ , the torque-balanced expression for the fiber holders is
where 2 ( 1 ) is the torque generated by the spring piece and fastening bolts on the left (right) fiber clamp; 2 ( 1 ) is the torque generated by friction during the rotation of the left (right) fiber clamp; 6 ( 2 ) is the torque generated by the mass on the bottom of the left (right) fiber clamp;
5 is the torque generated by the left fiber clamp;
3 is the torque generated by the right fiber holder, permanent magnet, and fixed base; is the drawing force generated by the right fiber clamp;
is the distance between the rotation center 1 and the application point of 1 for = 0 ∘ ; is the distance between the application point of and 1 for = 0 ∘ ; and is the torque generated by the connect piece. From (12), we see that 6 can be varied by adjusting the position of the mass on the left fiber holder such that will be zero. The position of the mass on the bottom of the right fiber clamp is then adjusted so that 2 satisfies The mechanical force of the drawing mechanism is thus described in Figure 15 , and the drawing mechanism then satisfies the torque balance equation
The drawing mechanism used in this study has precision deep groove ball bearings that have a friction coefficient of 0.001-0.0015. The friction during the fiber clamp rotation is also small by comparison with the drawing force and can also be neglected. Thus, (15) can be simplified as
When the right clamp is at 0 ∘ and the coil current is 0.1 A, the theoretical value of the electromagnetic force is 3.8437 gf, which yields a drawing force of 1.127 gf according to (16) .
Force Detection Experiment
The experimental force detection device, shown in Figure 16 For a rotating angle of zero, the relationship between the drawing force and current is linear, as was shown in Section 3, and to confirm this experimentally the drawing force was measured for currents of 0 to 0.2 A (Figure 17) . A fit to the experimental data gave
which includes a nonzero constant owing to friction and assembly errors. The drawing force is shown as a function of the rotating angle (0 ∘ to 4.8 ∘ ) in Figure 18 for various coil currents. As predicted by the simulations, there is a linear relationship between the drawing force and the rotating angle, and the rate of change of the drawing force (Figure 19 ) is given by = 0.7119 − 0.0078.
(18) Figure 20 shows the drawing force calibration rate as a function of the rotating angle, which can be expressed as = 0.7133 + 9.9860.
The relationship among , , and can then be summarized as The rotation angle of the clamp, detected by the rotary position encoders, can thus be used in determining the current to apply to the coil, which is controlled by the DA output voltage, for a known drawing force. In this way, the drawing force can be controlled. Figure 21 shows the drawing force as a function of the rotating angle after implementing the current control, and the errors in the experimental control are listed in Table 2 . The maximum error generated by a constant force is 3.04%. A maximum force of 1.8 gf was obtained, but (5) and (17) indicate that a higher force can be applied by increasing the number of turns and the coil current.
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Conclusion
The drawing force applied to the fibers can affect the coupling performance in PMF FBT, and we have proposed a method for controlling the force during FBT. We constructed a 3D model of the permanent magnet in the drawing mechanism and established an equation of motion for the magnet. We developed an expression for the relationship among the coil current, rotation angle of the fiber clamp, and the electromagnetic force by simulation and used this expression to control the electromagnetic force; the calculation error was within 1.03%. The mechanical model of the stretching mechanism was simplified by adjusting the mass, and the relationship between the drawing force on the fiber clamp and the electromagnetic force was established. The relationship among the coil current, rotation angle of the clamp, and drawing force was confirmed experimentally, and experimental control of the driving force (0-1.8 gf) was accurate enough with an error less than 3.04%. The results presented here have verified the feasibility of the proposed control method for FBT. Using this method, the drawing force on the fibers can be controlled effectively.
